We investigate by means of first-principles methods the structural response of gypsum ͑CaSO 4 ·2H 2 O͒ to pressures within and above the stability range of gypsum-I ͑P Յ 4 GPa͒. Structural and vibrational properties calculated for gypsum-I are in excellent agreement with experimental data. Compression within gypsum-I takes place predominantly through a reduction in the volume of the CaO 8 polyhedra and through a distortion of the hydrogen bonds. The distance between CaSO 4 layers becomes increasingly incompressible, indicating a mechanical limit to the packing of water molecules between the layers. We find that a structure with collapsed interlayer distances becomes more stable than gypsum-I above about 5 GPa. The collapse is concomitant with a rearrangement of the hydrogen-bond network of the water molecules. Comparison of the vibrational spectra calculated for this structure with experimental data taken above 5 GPa supports the validity of our model for the high-pressure phase of gypsum.
I. INTRODUCTION
Understanding the high-pressure ͑HP͒ behavior of hydrous minerals is important both for its planetary 1 and geophysical implications. 2, 3 For instance, hydrous minerals are known to play an important role in the hydration and hence in the seismic anisotropy of subducting oceanic plates. 4 Moreover it was suggested that the earth's lower mantle could store more water than the oceans. 2 As a consequence, several experimental and theoretical investigations have addressed the response of hydrous minerals to earth's mantle pressures. Several phase transitions were discovered or are under debate, e.g., in Al͑OH͒ 3 ͑gibbsite͒ at about 2.5 GPa, 5, 6 in Al 2 Si 2 O 5 ͑OH͒ 4 ͑dickite͒ at about 2.0 GPa. 7 Furthermore, a disordering of the hydrogen sublattice was observed in Ca͑OH͒ 2 ͑portlandite͒ and Co͑OH͒ 2 for pressures higher than about 10 GPa. [8] [9] [10] [11] High-pressure proton disorder was also found in Mg͑OH͒ 2 ͑brucite͒, a model system for hydrous phases of the earth's crust and mantle. [11] [12] [13] Phase transitions were also reported for CaSO 4 ·2H 2 O ͑gypsum͒ at about 4 GPa, [14] [15] [16] and CaAl 2 Si 2 O 7 ͑OH͒ 2 ·H 2 O ͑lawsonite͒ at 4 and 9.5 GPa. 17 Hydrous minerals contain water either in the form of hydroxyl ͑-OH͒ groups, or in molecular form ͑H 2 O͒. 18, 19 While the effects of pressure on hydroxyl-containing minerals is widely studied, [5] [6] [7] [8] [9] [10] [11] [12] [13] 20 less is known about the mechanisms through which molecular water is retained in some hydrous minerals at high pressure, with the exception of recent studies on lawsonite, 21 on the 10 Å phase, 22, 23 and on gypsum. 19, 24 At variance with lawsonite and the 10 Å phase, water in gypsum is incorporated exclusively in the molecular form.
Gypsum is among the most abundant minerals of ancient marine evaporite deposits. 25 Sedimentary beds or layers of gypsum are formed by direct precipitation out of evaporating seawater in lagoons where waters of high calcium and sulfate content can slowly evaporate and be continuously refilled with new sources of water. Sedimentary gypsum is nowadays mined for commercial purposes. Mineral gypsum has the remarkable property of forming crystals of extremely large size. 26 The crystalline structure of gypsum is composed of calcium sulfate ͑CaSO 4 ͒ layers linked together through hydrogen bonds by a layer of water molecules. [27] [28] [29] [30] [31] Calcium ions form CaO 8 polyhedra. Six oxygens of the CaO 8 polyhedron are shared with sulfate groups ͑SO 4 ͒ and the remaining two oxygens are shared with water molecules. The highpressure behavior of gypsum was the subject of a neutrondiffraction study up to 5 GPa ͑Ref. 32͒. A more recent powder x-ray diffraction and Raman study 14 has revealed polymorphic pressure-induced transitions in the range 5-10 GPa. Discontinuities in the behavior of gypsum at high pressure have been confirmed by infrared ͑IR͒ and Raman spectroscopy. 15 A very recent investigation has provided additional evidence for a phase transition at about 4-5 GPa. 16 Several hypotheses have been put forward to explain the nature of the phase transition. A first interpretation invokes distortions of the sulfate tetrahedra and rearrangements of the sulfate and water molecules in the gypsum lattice. 14, 16 According to an alternative explanation, high pressure would cause a displacement of the water molecules giving rise to a disordered water layer. 15 First-principles theoretical investigations are nowadays routinely used in the field of high-pressure mineral physics 33, 34 and have been applied successfully to understand the high-pressure behavior of several hydrous minerals. For instance, in brucite and portlandite, the pressure-induced hydrogen sublattice amorphization was shown to be caused by a frustration phenomenon. 12 Moreover, the structure and the physical properties of the 10 Å phase were recently investigated by ab initio simulation over a wide range of pressure and water content, bringing support to the idea that a variable amount of water can be incorporated into the 10 Å phase. 22 The purpose of this paper is to investigate the pressureinduced changes in gyspum by means of first-principles simulations. The paper is divided in two parts. In the first part, we investigate the pressure behavior of the gypsum phase stable at ambient conditions, gypsum-I. Our results for the structural parameters and vibrational spectra of gypsum-I are in very good agreement with the experiments. In the second part, we generate a theoretical model for the highpressure phase of gypsum above 5 GPa. Comparison with experiments supports the hypothesis of a disordering of the water layers in gypsum at high pressure.
The paper is organized as follows. In Sec. II we report the technical details of our ab initio calculations. In Sec. III A we address the structural properties of gypsum-I under compression and report the pressure behavior of the unit-cell parameters, hydrogen-bond lengths and angles, sulfate volume and bond lengths, Ca polyhedra volumes, and interlayer thickness. Section III B focuses on the infrared and Raman spectra. We compute the high-frequency dielectric constant and its pressure derivative. We present the zone-center vibrational density of states, which is analyzed in terms of local contributions. We also present the pressure dependence of the frequencies of the Raman and infrared modes above 400 cm −1 . In Sec. IV, we investigate the high-pressure phase of gypsum by analyzing the structural and vibrational properties of a model generated by means of first-principles molecular dynamics ͑MD͒. Finally, Sec. V contains the conclusions of our work.
II. METHODS
We have performed first-principles electronic-structure calculations based on density-functional theory. We used the computational codes and pseudopotentials available in the QUANTUM-ESPRESSO package. 35, 36 The exchange and correlation functional was approximated through the generalized gradient approximation. 37 Structural optimizations ͑lattice and internal parameters͒ were carried out by means of variable-cell relaxation. Vibrational modes were calculated by linear-response theory 38 and Raman spectra were evaluated in the nonresonant condition using second-order response theory. 39 Core-valence interactions were described by means of norm-conserving pseudopotentials. The electronic wave functions were expanded using a plane-wave basis set with energy cutoff of 100 Ry. The Brillouin zone was sampled by 3 ϫ 3 ϫ 3 k-points grid. Calculations for gypsum-I were carried out with the primitive unit cell containing 24 atoms ͑see Sec. III A͒. The search for the highpressure phase was performed by first-principles MD at constant pressure, 40, 41 followed by structural relaxation with a simulation cell containing 48 atoms ͑see Sec. IV͒. For the MD simulations we employed ultrasoft pseudopotentials with a wave-function cutoff of 25 Ry and a charge density cutoff of 200 Ry. 42 The Brillouin zone of the supercell, containing 48 atoms, was sampled using the ⌫ point only. Structural relaxation of the structures obtained in the MD runs were then carried out with the approximations described above, i.e., with converged Brillouin-zone sampling and norm-conserving pseudopotentials.
III. GYPSUM-I UNDER PRESSURE

A. Structural properties
As a starting point for our analysis of the structural properties of gypsum-I ͑centered monoclinic lattice, space group C2 / c͒, we considered the lattice and internal parameters determined at ambient conditions in Ref. 16 . In Fig. 1 we show the primitive unit cell of gypsum-I containing two molecular units CaSO 4 ·2H 2 O. The sulfate layers are oriented parallel to the ͑010͒ crystallographic planes.
In Fig. 2 we show the cell parameters a, b, c, and ␤ for gypsum-I as a function of pressure, as calculated in this study and as determined in a recent single-crystal x-ray study. 16 Theoretical and experimental data agree within less than 1%. We calculated the axial compressibilities by fitting the cell parameters a , b , c with equations of the form
FIG. 1. ͑Color online͒ ͑a͒ Gypsum primitive unit cell. Hydrogen bonds O͑w͒-H͑1͒¯O͑1͒ and O͑w͒-H͑2͒¯O͑2͒ are shown. 1 and 2 are the oxygen planes defining the interlayer region and the polyhedral layer. ͑b͒ Extended view of the gypsum structure at ambient conditions. The size of the balls is in the order: Ca ͑largest͒, S, O, and H. 
and similarly for b and c ͑where P is the pressure and the subscript "0" indicates ambient pressure͒. The compressibilities ␤ 0 found by best fit to the theoretical data are listed in Table I and compared with experimental results. The compressibilities along the a and c axes agree within about 5% with the experiments, while a larger difference is found for the compressibility along b, where, however, the experimental error is also larger. Theoretical and experimental data for ␤ 0b were fitted considering data only up to 2 GPa because of nonlinearity above this pressure. 16 A fit of ␤ 0b carried out considering data up to 8 GPa gives a value of 2.1 ϫ 10 −3 GPa −1 , about half the value determined with data up to 2 GPa, confirming the strongly nonlinear dependence of b with pressure. By contrast, fits of ␤ 0a and ␤ 0c up to 8 GPa show a reduction of only 20% and 10%, respectively.
At ambient conditions water molecules form weak hydrogen bonds with the O atoms of the Ca and S polyhedra ͑Fig. 1͒. The water molecules are all structurally equivalent but are distorted 43 from the geometry of a free water molecule with an H͑1͒-O͑w͒-H͑2͒ bond angle of 106.6°and nonequivalent H͑1͒-O͑w͒ and H͑2͒-O͑w͒ bond lengths of 0.978 and 0.973 Å, respectively. This values compare well with experimental estimates for the bond angle ͑107.5°͒ and bond lengths ͑0.959 Å͒ and ͑0.942 Å͒, found at ambient conditions. 29, 43 The longest hydrogen bond has an almost straight geometry with an O͑w͒-H͑1͒¯O͑1͒ bond angle of 175.9°. It is oriented almost parallel to the b axis and is responsible for the binding of the layers. The shortest hydrogen bond, O͑w͒-H͑2͒¯O͑2͒, has a bond angle of 172.1°a nd links the water molecules to the sulfate tetrahedra. Water molecules are not hydrogen bonded at ambient conditions but their distances decrease with pressure. In particular, the distance between O͑w A ͒ and O͑w B ͒ ͑Fig. 1͒ at 5 GPa is only 3 Å corresponding to a reduction in about 10% with respect to the ambient condition value. In Fig. 3͑a͒ we compare the bond lengths of the two distinct hydrogen bonds as calculated from theory and as measured in experiment. 16 Both theory and experiments suggest that the hydrogen bond O͑w͒-H͑1͒¯O͑1͒ directed along b axis decreases faster with pressure than the O͑w͒-H͑2͒¯O͑2͒ bond, although the experimental data are affected by a larger scatter. We remark however that the theoretical bond lengths become almost equal and follow the same pressure behavior above about 4 GPa. In Sec. III B we will analyze the consequences that this observation has on the vibrational spectra. Calculated hydrogen-bond angles show a very weak dependence on pressure ͓see Fig. 3͑b͔͒ . In Fig. 4͑a͒ we show the S-O bond distances in SO 4 versus pressure. The S-O bonds oriented toward the inner part of the layers are shorter and more compressible than the S-O bonds oriented toward the interlayer regions. Furthermore one can notice that the difference between the longest S-O and shortest S-O in the sulfate tetra- hedra increases with pressure, indicating that SO 4 tetrahedra are increasingly distorted for increasing pressure. Experimental data 16 show a larger distortion of the tetrahedra, however the scatter of the data and the absence of a clear trend in the experimental data suggest that these may be affected by substantial error bars. The volume of the SO 4 tetrahedra decreases slowly with pressure ͓Fig. 4͑b͔͒, consistently with the trend found for the average S-O bond length. In contrast, the calcium polyhedra show a much higher compressibility ͓Fig. 4͑c͔͒, in agreement with experiments. 16 Correspondingly, the average Ca-O bond becomes shorter, varying from 2.47 Å at ambient condition to 2.43 Å at 5 GPa. The spread of the Ca-O bonds is essentially unaffected by pressure.
In Fig. 5 we show the interlayer ͑water͒ and polyhedral ͑sulfate͒ layer thicknesses as reported in Ref. 16 and as calculated in this work. The thicknesses are calculated as distances between the planes 1 and 2 defined by the oxygen O͑1͒ and O͑2͒ in Fig. 1 . Experimental points are affected by a large uncertainty and cannot be used to analyze trends. In contrast, the calculated thicknesses show much clearer pressure trends. The calculated polyhedral layer thickness shows a linear decrease, while the calculated interlayer thickness decreases at low pressure, but levels off above 2 GPa. The drastic pressure-induced reduction in the compressibility of the water layer suggests that compression of the water layer is approaching a mechanical limit and that further compression can only be achieved by means of a reorganization of the molecules in the layer. Such mechanism may be responsible for the transformation of gypsum into high-pressure phases, as discussed in Sec. IV A.
B. Infrared and Raman spectra
IR and Raman spectra are related to the dielectric response of the material to an external field, hence we begin this section by analyzing the high-frequency dielectric tensor ⑀ ϱ . The calculated high-frequency dielectric tensor of gypsum at 0 GPa is where the x axis is taken along a, the z axis is taken along b, and the y axis is given by the cross product of the previous directions. Even though the structure is layered ͑with layers oriented perpendicular to the z axis in our notation͒, the highfrequency dielectric tensor turns out to be fairly isotropic, with ⑀ yy ϱ and ⑀ xx ϱ in excellent agreement with the values of Ref. 44 and d⑀ zz ϱ / dP = 0.036 GPa −1 . In Fig. 6 we show the vibrational density of states of gypsum at 0 GPa, calculated using zone-center modes only. The zone-center vibrational density of states, can be helpful in discussing the origin of the vibrational modes seen in IR and Raman spectroscopy, which will be discussed in the next section. 46 For example, our decomposition into atomic projections allows us to assign vibrational modes above 1500 cm −1 entirely to the water molecules. The hydrogen contribution is dominant in the O-H stretching and bending regions above 1500 cm −1 and also around 650 cm −1 , in the water librational region. The oxygen contribution can be subdivided in terms of water molecules and SO 4 groups. The contribution of oxygen belonging to water molecules becomes dominant above 1500 cm −1 , while is totally absent in the range 900-1200 cm −1 , where oxygen belonging to tet- rahedra is active. The latter constitutes the dominant part also in the SO 4 bending region ͑500-750 cm −1 ͒ while below 400 cm −1 the two contributions have similar magnitude. Sulfur atoms give the largest contribution in the range 1000 cm −1 up to 1200 cm −1 corresponding to the SO 4 stretching region. The other contributions correspond to the SO 4 bending region and to the low-frequency band ͑Յ300 cm −1 ͒ presumably related to SO 4 translations. The decomposition in terms of H, O, and S suggests that in the range 500-750 cm −1 , the gypsum vibrational modes should be considered as a mixing between water librations and SO 4 bending modes. Ca atoms contribute only below 400 cm −1 due to their heavier mass.
The Raman spectrum of gypsum has been the object of previous investigations, 14, 15, [47] [48] [49] [50] that have clarified the origin of the majority of the features in the vibrational spectrum. However some details of the gypsum vibrational spectrum remain unclear. In particular, a debate is open on the origin of a "companion mode" of the symmetric stretching of SO 4 tetrahedra, appearing in the spectra at low temperature 50 and high pressure. 14, 15 The primitive or Bravais unit cell of gypsum-I, from which selection rules are deduced 28 contains two molecular units CaSO 4 ·2H 2 O for a total of 24 atoms. Thus, when the primitive cell is chosen, 72 normal modes are found at the center of the Brillouin zone, of which three are purely translational. Group theory analysis 28, 44, 50 shows that the irreducible representations correspond to,
for a total of 36 Raman active modes and 33 IR active ones, consistent with the centrosymmetric character of the C2 / c space group. In Fig. 7 we show the calculated first-principles Raman spectrum of gypsum in the region of the SO 4 tetrahedron vibrational modes and in the region of O-H stretching modes. The spectrum is compared to the experimental results of Refs. 47 and 51. The good agreement between theory and experiment regarding the frequency position of the peaks is a further support to the validity of the approximations described in Sec. II. SO 4 stretching modes dominate the spectrum below 1700 cm −1 . Bending of the water molecules is located at 1630 cm −1 while stretching of the O-H bonds gives rise to a strong doublet located at 3393 and 3470 cm −1 in the theoretical spectrum. In Table II we present the calculated frequency and pressure dependence of the strongest Raman lines between 400 and 1200 cm −1 compared with experimental data from Refs. 15 and 50. The main Raman line in the spectrum below 1600 cm −1 corresponds to the symmetric stretching of the S-O bonds in the SO 4 tetrahedra, occurring at 971 cm −1 at zero pressure. The main Raman line shifts to higher frequencies with increasing pressure. The calculated pressure derivative of this mode is in remarkably good agreement with the experimental one. The positive sign of the pressure derivative is likely to be a consequence of the shortening of the S-O bonds. Asymmetric stretching gives rise to peaks at 1060, 1110, and 1113 cm −1 at the right side of the main Raman line. Bending modes of the SO 4 tetrahedra, rotations and translations of the water molecules are responsible of the peaks in the range 400-600 cm −1 . 50 As observed by Berenblut et al., 49 the half width of the sulfate bands in the range 400-620 cm −1 is clearly affected by the presence of water molecules forming hydrogen bonds. This is consistent with the analysis of the vibrational density of states presented in the previous section, where we show that sulfate and water modes are both active in this frequency region. In Table III we present the calculated frequency and pressure dependence of the strongest IR lines between 400 and 1200 cm −1 together with their pressure dependence, and compare them with experimental data from Refs. 15 and 50. We note that the pressure behavior of the infrared modes follows closely the one reported above for the Raman modes.
In Table IV we show the pressure dependence d / dP of the frequencies of the infrared and Raman modes related to water molecules, compared to the experimental data from Refs. 15 and 50. Both the frequencies and their pressure dependence compare fairly well with the experimental data. The two strong Raman modes in the O-H stretching region arise from the stretching of the O-H bonds parallel to the CaSO 4 layers ͑3393 cm −1 ͒, and from the stretching of the O-H bonds along the b axis, and thus perpendicular to the layers ͑3470 cm −1 ͒, in agreement with the discussion reported in Ref. 47 . At zero pressure each one of the four Raman stretching modes is localized over the four O-H bonds directed along b ͑high-frequency stretching͒ or over the four O-H bonds parallel to the layers ͑low-frequency stretching͒. At 5 GPa the two most intense modes can still be largely characterized as parallel and perpendicular to the layers but each mode shows now an increased delocalization over the two O-H bonds of the same molecule. This is consistent with the fact that at 5 GPa the calculated hydrogen bonds become approximately equal ͓see Fig. 3͑a͔͒ . A similar behavior is observed for the frequency and pressure dependence of the IR stretching modes ͑see Table IV͒. Raman and IR vibrational frequencies corresponding to the water bending appear to be pressure independent or weakly affected.
IV. HIGH-PRESSURE PHASE OF GYPSUM
Available experimental evidence suggests that gypsum undergoes one or more phase transitions starting from a pressure of about 5 GPa. [14] [15] [16] Experimental data however suggest that the structural changes are not extensive and are limited to local distortions of the sulfate tetrahedra and/or to reorientation of the water molecules. With this in mind, we carried out a search for the high-pressure phases of gypsum by means of constant-pressure MD starting from gypsum-I. We adopted the conventional unit cell of gypsum-I ͑48 atoms͒ as the starting configuration. The MD run was carried out at a temperature of 500 K and at a pressure of 10 GPa. After about 10 ps of MD, the resulting structure was relaxed at various pressures between 2 and 10 GPa by means of damped dynamics. The relaxed structures were then further optimized with norm-conserving pseudopotentials. In Fig. 8 we show the HP structure of gypsum resulting from our simulations at 5 GPa. 53 In Fig. 9͑a͒ we show the energy of gypsum-I and of the HP structure as a function of volume. The curves are fitted with a Murnaghan equation of state. 54 The fit yields a bulk modulus of 49.2 GPa with a pressure derivative of 3.5 for the high-pressure structure while for phase I it gives 56.7 GPa and 2.2 for its pressure derivative. The bulk modulus for phase I is larger than the experimental estimate of about 45 GPa. 16, 32 The discrepancy may originate from our choice of the exchange and correlation functional, as well as from the fact that our calculations are performed at zero temperature. However the calculated pressure derivative of the bulk modulus is smaller than the experimental one ͑3.3, Ref. 16͒. Consequently the discrepancy between experiment and theory for the volume of gypsum-I at about 4 GPa is still as small as 1%.
From the energy-volume equation of state we derived the enthalpies of the two structures ͓Fig. 9͑b͔͒. The enthalpy of the HP structure becomes lower than gypsum-I at a pressure of about 4.7 GPa, indicating that above this pressure the HP structure is more stable than gypsum-I. Although we cannot rule out the existence of other structures with lower enthalpies, should such structures exist, they would have to become more stable than gypsum-I at a lower pressure than the HP structure proposed here. This is difficult to reconcile with the experimental evidence that gypsum-I is stable up to about 4 GPa. With the caveat that the enthalpy difference between gypsum-I and the HP structure is rather small, and so the possibility exists that other structures with similar molecular arrangements could have comparable enthalpies, we can conclude that our results support the notion that a phase transition takes place in gypsum in the vicinity of 5 GPa, as reported by several experimental groups. 15, 16 In particular, the transition appears to be a consequence of the rearrangement of the hydrogen bonds leading to the collapse of the interlayer distance, as described in detail in the next section.
A. Structure
The most remarkable differences between gypsum-I and our HP structure are ͑i͒ the collapse of the interlayer distance in HP gypsum, ͑ii͒ the reorientation of the water molecules, and ͑iii͒ the sliding of the sulfate layers. The collapse of the interlayer distance and the reorientation of the water molecules are connected with a substantial rearrangement of the hydrogen-bond network. Although the total number of hydrogen bonds is the same in the low-and high-pressure structures, water molecules form hydrogen bonds with neighboring water molecules in the HP structure. No waterwater hydrogen bonds were present in gypsum-I. The new bonds replace hydrogen bonds originally binding water molecules to oxygen belonging to the sulfate layers. Hydrogenbond lengths are comparable in the low-and high-pressure structures, with an average hydrogen-bond length of 2.68 Å in the HP structure, which compares well with the value obtained for phase I at 5 GPa ͑Fig. 3͒. The spread of the hydrogen-bond distribution, about 0.05 Å is slightly larger than the difference between the two types of bond reported in Fig. 3 . Moreover, the large scatter in the distribution of bond lengths is suggestive of a possible disordering of the water sublattice in the HP phase. The average hydrogen-bond O-H¯O angle is 157.6°͑with a standard deviation of 8.6°͒, substantially lower than in gypsum-I at the same pressure of 5 GPa ͑ϳ172°͒. We also notice the occurrence of very short hydrogen bonds ͑ϳ2.55 Å͒ in the HP structure. The reorientation of the water molecules and the consequent changes in the hydrogen-bond network are consistent with the observed collapse of the interlayer distance in the HP structure. The average interlayer thickness in the HP structure at 5 GPa is 3.06 Å corresponding to an average reduction of 0.36 Å with respect to gypsum I at the same pressure. On the other hand the polyhedral layer thickness is 4.05 Å in the HP structure, slightly larger than in gypsum-I ͑Fig. 5͒. It is interesting to remark that the collapse takes place along the b axis of gypsum-I, i.e., the axis with the largest nonlinear decrease in the compressibility. We argue that the nonlinear behavior observed and calculated for the compressibility along b signals a mechanical limit to the decrease in the interlayer distance in gypsum-I. Further compression beyond this limit requires a reorganization of the water molecules, which is eventually achieved through a phase transition into the HP structure.
The degree of distortion of the SO 4 tetrahedra in the HP structure is similar to the one calculated in gypsum-I. The average S-O bond in HP gypsum is 1.484 Å with a standard deviation of 0.010 Å while the average Ca-O bond is 2.409 Å with a standard deviation of 0.059 Å. Distortion of the polyehdra does not appear to be qualitatively different in the two structures. In Fig. 10 we show the volume versus pressure behavior of gypsum-I and of the HP structure, and we compare our results with experimental data from Refs. 16 and 32. Our results for gypsum-I are in close agreement with the data of Ref. 16 . Moreover, the calculated volume of the HP structure is consistent with the jump in volume measured experimentally.
B. Infrared and Raman vibrational spectra
In Fig. 11 we compare the zone-center vibrational density of states of the HP gypsum model to that of gypsum-I. For consistency, the two spectra are calculated considering the q = 0 modes of a periodic cell containing 48 atoms, which in the case of gypsum-I corresponds to the conventional monoclinic unit cell used as the initial cell for the MD search. The comparison shows that the vibrational bands below 600 cm −1 are almost unaffected by the transition, which is consistent with the small structural changes undergone by the CaO 8 and SO 4 polyhedra across the transition. The larger differences can be identified in regions of the spectrum dominated by the water vibrations, i.e., around 650, 1600, and 3000-3500 cm −1 . The water librational region ͑around 650 cm −1 ͒ is broader in the HP structure than in gypsum-I. Moreover the gap between the water librational region and the SO 4 stretching modes ͑750-900 cm −1 ͒ is completely filled in the vibrational density of states of the HP structure. This is consistent with the increase in IR intensity observed in the same frequency range by Knittle et al. ͑Ref. 15͒ upon increasing pressure from 3 to 6 GPa. Their spectrum at 6 GPa is compared with our calculated IR data in Fig. 12 .
We now turn to the Raman spectrum and focus on the sharp mode located slightly below 1000 cm −1 ͓see Fig.  13͑a͔͒ . The mode corresponds to the symmetric stretching of the S-O bonds and is the analog of the sharp mode present in the spectrum of gypsum-I at about the same frequency ͓see Fig. 7͔ . As mentioned in Sec. III B, the mode was reported to undergo an apparent splitting at pressures above ϳ4 GPa, with a companion mode appearing about 20 cm −1 below the original mode. The new mode was observed to increase gradually in amplitude relative to the original mode, the latter disappearing above 6 GPa. 15, 49 Our finding that the sharp peak in the Raman spectra shifts from 994 cm −1 in gypsum-I to 970 cm −1 in the HP structure at the same pressure ͑5 GPa͒ is consistent with the interpretation of the experimental splitting as arising from the transformation of gypsum-I into a HP phase, as suggested in Refs. 14 and 15.
A second remarkable difference between the calculated spectra of gypsum-I and of the HP structure can be identified in the O-H stretching region. The width of the Raman and IR bands doubles in the HP structure, relative to gypsum-I ͓see Figs. 12 and 13͑b͔͒. A similar broadening is also observed in the experimental infrared and Raman spectra at high pressure. 14, 15 We trace the large width of the water stretching region to the overall strengthening of the hydrogen bonds and to the formation of new types of hydrogen bonds ͑water-water͒ in the HP structure.
V. CONCLUSIONS
Our results for the structural parameters and vibrational spectra of gypsum-I are in excellent agreement with experimental data up to the limit of its stability range, around 4 GPa. Pressure-induced changes in the vibrational spectra are attributed mainly to distortions of the water molecules. At about 5 GPa we find that a structure with collapsed interlayer distance and substantial rearrangement of the hydrogen bonds becomes energetically more stable than gypsum-I. The calculated vibrational spectra of this structure show remarkable agreement with the spectra reported by various authors for the high-pressure phases of gypsum. We conclude that our high-pressure structure is an excellent model for the high-pressure phases of gypsum reported by Knittle et al. ͑Ref. 15͒ and by Huang et al. ͑Ref. 14͒. We suggest that future analyses of the x-ray diffraction data taken beyond the stability range of gypsum-I include models with similar structural features in the refinement of the data. Our finding that compression in gypsum takes place predominantly by means of a rearrangement of the water layer offers a structural model for the retention of water in molecular form which may have implications for our understanding of dehydration and water storage of minerals in the upper mantle. 
